Abstract-Characterization of the joint torque coupling strategies used in the lower extremity to generate maximal and submaximal levels of torque at either the hip, knee, or ankle is lacking. Currently, there are no available isometric devices that quantify all concurrent joint torques in the hip, knee, and ankle of a single leg during maximum voluntary torque generation. Thus, joint-torque coupling strategies in the hip, knee, and concurrent torques at ankle and/or coupling patterns at the hip and knee driven by the ankle have yet to be quantified. This manuscript describes the design, implementation, and validation of a multiple degree of freedom, lower extremity isometric device (the MultiLEIT) that accurately quantifies simultaneous torques at the hip, knee, and ankle. The system was mechanically validated and then implemented with two healthy control individuals and two post-stroke individuals to test usability and patient acceptance. Data indicated different joint torque coupling strategies used by both healthy individuals. In contrast, data showed the same torque coupling patterns in both post-stroke individuals, comparable to those described in the clinic. Successful implementation of the MultiLEIT can contribute to the understanding of the underlying mechanisms responsible for abnormal movement patterns and aid in the design of therapeutic interventions.
arthritis, or ligamentous injury. Most current methods used to quantify these limitations isometrically are based on measurements of joint kinetics in a single direction using one degree-of-freedom (DOF) sensors such as those in isokinetic dynamometric systems, attached to rigid structures [3] [4] [5] [6] [7] [8] [9] [10] [11] , or quantifications using hand held dynamometers [13] , which should be limited to populations where force/torque magnitudes are small enough to be effectively resisted by hand such as in pediatrics. Voluntary torques generated by the lower extremity are in fact not limited to a single DOF, but are usually combined with torques at other joints, because of the action of biarticular muscles responsible for mechanical coupling between joint torques [14] , [15] and simultaneous neural coactivation of multiple muscles [16] . Therefore, quantification of strength in one DOF may not provide enough information about the forces and torques generated by the lower extremity either in healthy individuals or after changes in descending neural drive or changes in musculoskeletal properties seen in muscle and joint diseases.
The use of multi-DOF devices allows for simultaneous quantification of torques generated at the lower extremity joints from hip to ankle: hip abduction/ adduction, flexion/ extension and external/ internal rotation, knee flexion/ extension, external/ internal rotation and varus/ valgus, and ankle dorsi/ plantarflexion, and inversion/ eversion. Previous studies have aimed to quantify multi-DOF torques in the lower extremity [17] [18] [19] [20] . Specifically, the use of the instrumented Lokomat (Hocoma, Volketswil, Switzerland) [17] , [21] has provided a novel approach to quantify join torque couples between hip and knee and is the motivation for the development of our device. Studies using the Lokomat provided evidence of abnormal muscle coactivation patterns and joint-torque coupling possibly due to altered supraspinal descending drive [20] , [22] [23] [24] [25] [26] [27] [28] [29] . Additionally, studies of isometric lower extremity joint-torque coupling in cerebral palsy quantified stereotypical spontaneous coupling between hip and knee extension [20] . However, findings with regards to the expression of abnormal joint coupling patterns on individuals post-stroke have not been conclusive and have not obtained consistent results; some studies demonstrated spontaneous coupling of hip adduction with hip and knee extension torques [17] , [20] , [21] , coincident with what is described clinically as an "extension synergy" (coupling of hip extension/adduction with knee extension and ankle plantar-flexion [30] ); in contrast, other studies found weakness in specific DOFs but no stereotypical joint torque coupling patterns across subjects [18] , [19] .
A review of the methods used in previous isometric studies [17] [18] [19] [20] indicated differences in the experimental setup that may have influenced torque generation by affecting sensory input, which can alter descending drive [31] [32] [33] . Specifically, studies were performed in recumbent seating [20] or standing [17] [18] [19] affecting vestibular and cutaneous input as concluded by Thelen et al. [20] . Also, the amount of body weight support provided differed between studies from zero [18] , [19] to 100% [17] changing the gravitational contribution to joint torques. Additionally, results could be affected by poorly constrained systems that do not limit movement during maximum torque generation [15] , [18] , [19] . Therefore, subjects were instructed to generate maximum voluntary torques while avoiding movement of the poorly constrained limb segments [19] , affecting spontaneous coupling across joints. Additionally, the behavior of the nontested leg was not controlled in any of these studies.
On the other hand, joint torque coupling strategies after peripheral nerve injuries have not been previously investigated. A review of the literature on isometric joint-torque coupling strategies due to peripheral neural, muscle, or joint injuries/joint degeneration did not yield any results. Research has mainly focused on quantification of deficits in muscle strength and consequent changes in gait kinematics in multiple sclerosis, knee osteoarthritis, and anterior cruciate ligament injury [9] , [34] , [35] . Information is lacking on how muscle coactivation patterns and subsequent joint-torque coupling patterns may change in these pathologies to account for muscle weakness or joint pain. The use of multi-DOF devices can aid in the study of the underlying mechanisms responsible for movement abnormalities following peripheral injuries. Once the abnormal joint-torque coupling patterns have been identified, this knowledge can aid in the development of rehabilitation interventions that modify muscle activation strategies and resulting joint-torque coupling.
The present manuscript describes the design, validation, and effective implementation of a new Multi-joint Lower Extremity Isometric Torque measurement device, the MultiLEIT. This system can accurately quantify lower extremity joint torque coupling strategies and the distribution of lower extremity joint-torque weakness during generation of voluntary maximal and submaximal torques at the hip, knee, and ankle. Also, the materials that compose the MultiLEIT exceed the rigidity of any other systems used previously, eliminating system movement during maximal conditions. First, we will describe the design requirements to guarantee the accuracy of the measurements, comfort and safety. Section III describes the protocols used to validate and implement the device in a healthy individual and in an individual post-stroke.
We will present validation data and the results from the experimental protocol, demonstrating the capabilities of the device in measuring multi-joint coupling patterns that differ between healthy and post-stroke individuals. Results from studies using the MultiLEIT are expected to aid in the design of improved assistive and therapeutic devices and associated interventions that can be corrective, preventive and targeted for lower extremity rehabilitation of multiple pathologies affecting lower extremity movement. 
II. DESIGN
The MultiLEIT measures all isometric torques from hip to ankle in a single leg, with the intention to quantify inter-and intra joint torque couplings in individuals after stroke. Combined with EMG signals, it may provide additional information about the strategies used by subjects under well-controlled static conditions.
The MultiLEIT consists of a rigid aluminum structure instrumented with two 6-DOF force/torque sensors positioned above the knee and below the ankle, as shown in Figs. 1 and 2 . The 12-DOF measurements are converted trough Jacobian transformations to the eight torques in the hip (three), knee (three), and ankle (two). The MultiLEIT can measure maximal and submaximal torque generation in either leg of individuals from around 150 cm (for reference, the fifth percentile in height for women is 153.8 cm) to 190 cm (just above the 95th percentile of height in men which corresponds to 187.3 cm) [36] . The MultiLEIT can be used in the upright position but also in various angles of inclination and in a supine position.
A. Design Description

1) Adjustability:
The device can be adjusted to fit subjects up to the 95th percentile weight in males (130.5 kg) and the 95th percentile waist circumference (133.9 cm) [36] . Subjects are seated on a gel-padded bicycle seat that provides partial gluteal support while the pelvis remains in a neutral tilt. A harness with adjustable straps is then placed around the trunk to secure subjects into the setup. Padded-clamps are then positioned over each shoulder, to keep subjects from pushing in the upward direction during maximum voluntary torque (MVT). Pelvic clamps secure the pelvis and prevent subjects from pivoting on the bicycle seat. Once the subject's upper body has been securely fit into the setup, the tested lower extremity is positioned onto the instrumented portion of the MultiLEIT. The system is adjusted to bring the 6-DOF sensors to the desired location. Adjustability of sensor location in the anterior-posterior ( ), superior-inferior ( ), and medial-lateral ( ) directions is achieved using a sliding clamp system that constitutes the device's main structure (Fig. 2) . The top sensor is attached to a rigid cuff padded with memory foam. The thigh is secured inside this cuff until there is no slack between the thigh and the foam. This attachment point was selected to maximize rigid coupling with the setup despite changes in muscle girth during contraction of the quadriceps and hamstring muscles (any slack in the thigh-cuff interface can introduce small changes in the joint angles during the experiment resulting in measurement errors). The foot is placed onto the rigid aluminum foot-plate that matches the subject's foot size. The foot is then coupled to the setup using rigid fiber-glass cast (Össur, Foothill Ranch, CA, USA) around the foot and the foot-plate, which is then bolted onto the MultiLEIT.
2) Measurement of Forces and Torques:
The device was designed to quantify static joint torque coupling patterns at the hip, knee, and ankle in 8-DOF (hip abduction/adduction, hip flexion/extension, hip external/internal rotation, knee flexion/extension, knee valgus/varus -abduction/adduction-, knee internal/external rotation, ankle dorsi/plantar flexion). The top sensor is positioned laterally above the knee with its face parallel to the sagittal plane. Measurements from this sensor will be used to calculate torques generated at the hip joint. The bottom sensor is located on a parallel plane to the top sensor, on the lateral edge of the foot. The bottom sensor is used to measure torques generated at the ankle and knee joints and a portion of the hip torques.
The 6-DOF force/torque sensors have a force range in and and range and a torque range of in , , and (Model 75E20A4, JR3 Inc., Woodland, CA, USA) to accommodate the 95th percentile maximum extension torque that can be generated at the hip by males (419 Nm - [37] ). Reported sensor resolution is in and , 0.5 N in and 0.05 Nm in , , and Error introduced in the joint torque calculations due to sensor resolution is negligible. Raw forces and torques measured from the sensors are transformed to joint torques and displayed on a monitor to provide visual feedback for the subject. The free body diagram for the system is shown in Fig. 2 . Overall dimensions of the system are 2150 mm 1605 mm 1200 mm (height depth width).
3) Decoupling of Tested Lower Extremity:
The design of the MultiLEIT is intended to mechanically and neurally decouple the tested lower extremity from the body so that the measured joint torques only reflect the joint torques generated with the tested leg. Also, the subject will perceive the nontested leg as if it was in swing phase of gait. The upper body attachment system limits trunk and pelvis motion that can affect the measurements. Neuro-mechanical decoupling of the tested leg from the nontested leg is achieved by rigidly attaching the tested lower extremity to the sensors while the contralateral leg is left floating, placed on an elastic sling. This eliminates torque contributions of the nontested leg to the measurements and generation of involuntary torques in the tested leg due to inter-limb coupling driven by the nontested leg [38] . The length of the sling is adjusted to the length of the subject's leg so that the leg is fully extended; this prevents subjects from pushing against the support surface, i.e., removing the mechanical ground for the contralateral lower extremity. 
4) Comfort and Safety:
The MultiLEIT is instrumented with an electrical actuation mechanism that can recline the subject to a horizontal position, removing body weight support from the bicycle seat and allowing the subject to rest. Accessibility to the setup for severely impaired subjects is achieved using a stepping system that can be adjusted in height to motor capabilities of each subject. Safety is guaranteed by allowing subjects to exit the setup in less than 1 min in case of an emergency, using quick release mechanisms at all attachment points.
5) Computation of Joint Torques:
Based on the assumption of a static system, the principle of virtual work for static equilibrium [39] was used to calculate the joint torques as a function of the forces and torques measured at each load cell (1) is the Jacobian transformation matrix determined by the geometry of the system. If and are the and forces and torques measured by the sensor, joint forces, and torques are defined as (2) where is the 3 3 rotation matrix defining the orientation of the sensor coordinate system with respect to the joint coordinate systems and for , or is the distance between the geometrical origin of the sensor and the origin of each joint center of rotation in the corresponding direction. The angles for the rotation matrices are defined in Fig. 2 and Table I .
The knee and ankle net joint torques only include forces measured at the bottom load cell, already transformed to the center of rotation of each joint. Definition of each joint's coordinate system is presented in Table I . Joint forces and torques for the ankle ( ) and knee ( ) are defined in (3) and (4), respectively.
indicates a rotation around the -axis for the corresponding hip abduction angle. , and are the distances from the center of the bottom JR3 to the center of rotation of the ankle.
is the rotation matrix around the axis of a magnitude equal to the ankle plantarflexion angle. is the rotation around of a magnitude corresponding to the knee flexion angle. is the shank length from the ankle center of rotation to the knee center of rotation. These transformations are applied to the forces and torques measured by the bottom sensor
The net hip torque ( ) is computed using homogeneous transformations from both load cells to the hip joint's center of rotation. Unavoidable small movements of the leg occur in the system when there is a change in muscle girth after contraction (see Section IV). When this occurs, the bottom load cell will measure a portion of the reaction torques in response to torques generated at the hip. In this case, the contribution of the bottom load cell to the total hip torque will differ from zero. If the system is completely static (minuscule changes in muscle girth), the hip forces and torques measured in the bottom load cell and transformed to the hip will be zero.
In (5), , , and are the distances from the center of the top JR3 to the center of rotation of the knee. In the case of a completely static system with no changes in muscle girth during MVT, the matrix of knee forces and torques ( ) transformed to the hip coordinate system will be close to zero.
is the rotation around of a magnitude corresponding to the hip flexion angle. is the thigh length from the knee center of rotation to the hip center of rotation. and are the transposed forces and torques measured by the top JR3 in , , and .
Note that the gravitational force due to the mass of the leg measured by the sensors was not included in the equations. Before each trial, subjects were asked to relax, and the forces and torques recorded on the sensors during this period were used to baseline correct the data.
III. METHODS
A. Device Validation
Validation of the setup was performed using a four-link (trunk, thigh, leg, foot) joint torque mechanic validation system made of aluminum beams connected through two hinge joints to simulate the ankle and knee and a rotatory joint for the hip. The aluminum structure was attached to the setup at both sensors using bolts above the knee hinge joint and at the foot segment of the aluminum leg to mimic a typical subject's configuration. Muscles crossing the hip and knee joint were simulated using springs with known elasticity constants and known moment arms to the center of rotation of each joint for flexion torques. A one-DOF force sensor was used to apply a known force at a known lever arm from the rotatory hip joint to generate a hip adduction torque. The magnitude of the torques generated at each joint could therefore be calculated. Torques were generated at the hip, knee or ankle joint and then simultaneously at all joints by engaging the springs first separately and then simultaneously. Five trials were acquired for each task. Sensor forces and torques were transformed into joint torques. Trials for each task were averaged to eliminate random noise.
B. Sensitivity Analysis
Monte Carlo simulations [40] were run on the geometric transformation equations for joint-torque calculations, on both the joint torque mechanic validation data and on the experimental data on one control subject for the hip abduction MVT task. Parameters were varied independently and simultaneously in the simulations, including the joint angles and the distance offsets from the center each JR3 to the centers of rotation of the ankle, knee, and hip in , , and . All sensitivity analyses were run in MATLAB (The MathWorks Inc., Natick, MA, USA). The Jacobian transformation parameters were selected from a probability density function defined as is the measured parameter and is a randomly generated number from a normal distribution with standard deviation ( ) set to mm for all distances measured (segment and offset from load cells) and for joint angles. Monte Carlo simulations were run for iterations.
C. Experimental Protocol
Testing on post-stroke individuals focused on hip abduction/adduction and flexion/extension, knee flexion/extension, and ankle dorsi/plantarflexion. Coupling of hip, knee, and ankle extension with hip adduction is observed clinically in individuals post-stroke and is commonly known as the "extensor synergy" [30] . We tested the measurement capabilities of the MultiLEIT to quantify joint-torque coupling and compared our results with clinical observation [30] and previous research [17] [18] [19] [20] .
Two moderately impaired individuals post-stroke (S1, female, age years, time since stroke years, , weight lb, height ft in S2, male, age years, time since stroke years, , weight lb, height ft in) were recruited from an Institutional Review Board-approved database, the Clinical Neuroscience Research Registry (CNRR). All experimental protocols were approved by Northwestern University's Institutional Review Board. Subjects were examined by a licensed physical therapist to verify admissibility to the study. Initial evaluation of lower extremity motor function was done using the Fugl-Meyer Motor Assessment (FMA) [41] . Two healthy gender and age matched control subjects (C1, female, weight lb, height ft in, age 58. C2, male, weight lb, height 5 ft 7 in, age 52) were recruited for this study. All subjects participated in the single DOF maximal and submaximal protocol and dual DOF protocol.
Subjects were fitted into the MultiLEIT and the lower extremity was secured into the device. Subjects were asked to perform a single-task protocol consisting of maximum voluntary torques (MVT) in either hip abduction/adduction, hip flexion/extension, knee flexion/extension, or ankle dorsi/plantar flexion in randomly ordered blocks to discard learning effects. Primary (voluntary and instructed) torques and secondary (concurrent and spontaneous) torques were computed online based on the raw forces and torques measured from the two 6-DOF load cells. Visual feedback of the DOF being maximized was provided, as shown in Fig. 3 . No instructions were given for any of the other DOFs. In each trial, the subject was asked to start in a relaxed state, ramp up to maximal torque production and sustain it for 2 s. A trial was considered successful if the MVT plateaued for at least 250 ms. Two trials with MVT values within 10% of each other, with the second trial being of smaller magnitude than the first trial were required to ensure MVTs were achieved. Only two MVT trials were required to avoid fatigue. The variables of interest in this study were the MVT magnitude for a 250 ms time window in the instructed Fig. 3 . Visual feedback showing the speedometer and moving speedometer provided to the subject for the MVT task and the submaximal and dual DOF task. For MVT tasks, the speedometer displays the torque that is being maximized. Flexion/abduction are shown as counterclockwise rotation of the arrow. For submaximal and dual tasks, the vertical displacement displays the hip extension torque. For the dual task, the horizontal displacement displays the instructed hip abduction/adduction degree of freedom. The direction of movement on the horizontal axes is adjusted to the right/left extremity to correspond to the direction of torque generation thus making it more intuitive for the participant. Fig. 4 . Calculation of MVTs at the primary and secondary DOF for a hip extension primary task. MVT is identified as the maximum torque along the primary direction after signal processing. Time-point for that MVT was identified. Corresponding torque magnitudes in the other DOFs for that time point were obtained.
DOF and the torques at the other joints and DOFs in the same time window (Fig. 4) .
For the submaximal and the dual-task protocols, subjects were asked to generate submaximal hip extension torques (25%, 50%, 75% MVT) and then in separate trials to combine them with 50% of their hip abduction MVT. Visual feedback consisted of a moving speedometer with the vertical displacement mapped to hip extension and the horizontal displacement mapped to the hip abduction/adduction torque (Fig. 3) .
D. Data Processing and Analysis
Data acquisition was performed using a National Instruments Single Differential Legacy Device (PCI 6031E, National Instruments, Austin, TX, USA). Digital signal processing and data transformation was performed in a custom made MATLAB graphical user interface (GUI) (Mathworks Inc., Natick, MA, USA). Data were acquired for 8 s using a 1000 Hz sampling frequency. Force and torque data were filtered using a 250 ms moving average window before transforming it to each joint. All joint torques at the time point of MVT in the primary direction were extracted and normalized to the global maximum torque obtained across all trials (Fig. 4) . The maximum (voluntary or spontaneous) torque for each degree of freedom was extracted from the entire session and all torques were expressed as a percentage of the global maximum.
E. Effect of Muscle Girth Changes in Limb Movement and Torque Estimation
We quantified the change in parameters resulting from limb movement due to changes in soft tissue girth during muscle contraction using a motion analysis system (Optotrak Certus, Northern Digital Incorporated). We placed three infrared markers on the tested lower extremity: marker 1 was located on the center of the patella (corresponding to the frontal plane origin of the center of rotation of the knee). Marker 2 was placed on the medial surface of the knee (sagittal plane origin of the knee center of rotation). Marker 3 was located on the midpoint of the line connecting the hip and knee joints on the surface of the thigh. The location of the markers was recorded simultaneously with the MVT data.
IV. RESULTS
A. Validation Results
1) Quantification of Known Torques:
For the validation procedure using the mechanic validation system the torques generated at each joint were 35 Nm at the hip for the flexion DOF, 36 Nm at the hip for adduction, 17.5 Nm at the knee for flexion and 15 at the ankle for dorsiflexion. The variance of the output (VAF-calculated torques) accounted for almost 100% of the input ( ). The measurement error was calculated for each joint as the difference between the input and the measured torque. For the hip abduction/adduction, the error was 1.717%, for hip flexion/extension it was calculated to be 1.9%, for knee flexion/extension it was 2.5%, and for the ankle it was 0.78%.
2) Changes in Joint Angle: Participants are attached to the setup at the trunk and at two points on the lower extremity, so that no visible movement of the segments can be detected when the muscles are relaxed. However, changes in muscle girth are inevitable when subjects generate maximum hip and knee extension torques. Particularly in healthy control individuals, these changes can be substantial. Measurements obtained from the motion analysis protocol showed the greatest displacement for marker 1 (center of patella) during knee extension (36 mm displacement in the direction-posteriorly), and hip extension (40 mm displacement in the direction-posteriorly). Changes in muscle girth generated changes in hip flexion angle of less than 4 and changes in knee angle of less than 5 .
The above changes in torque angle were used simultaneously in the mechanic leg validation system to identify the changes in the torque calculated from sensors' measurements, given a known torque. Offsets for the measured angle due to changes in muscle girth were accounted for errors in measurement of the hip abduction/adduction torque of 5%, of the hip flexion/ extension torque of 4%, attenuation of the knee flexion torque by 12%, and no error in the ankle torque.
B. Sensitivity Analysis Results
1) Sensitivity Analysis for the Mechanic Leg Simulation:
For the mechanic leg validation, variation from real joint segment lengths of mm generated errors in torque measurement of up to 4% for the knee flexion/extension torque, 3.5% for the hip flexion/extension torque, and up to 2.9% for the hip adduction torque. Results for variations in the distance offsets from the bottom JR3 sensor generated substantial errors in torque measurement. Measurement error in the vertical distance ( ) between the bottom JR3's origin and the center of rotation of the ankle caused errors in knee torques close to 18%. In contrast, errors in offset for the top JR3 are less critical; offsets of mm from the real distances generate errors of in hip torques.
On the other hand, errors in measurement of joint angles of had a substantial effect on knee flexion/extension torques (up to 42% for an error in measurement of the hip flexion angle). As an end result, these errors can alter the directionality of the calculated torque for small torque values. Errors in measurement of the remaining angles and offsets generated errors smaller than 2%. Fig. 5 shows the results from the single-task protocol for the paretic and nonparetic extremities of S1 and S2 and for the right extremity of C1 and C2. The bars represent the normalized torque produced for each task in each degree of freedom (series labels). Preliminary results for the hip extension MVT task (top panel) show hip extension MVTs spontaneously coupled with hip adduction torques of over 75% MVT and with extension of all other joints on the paretic and nonparetic extremities of both individuals post-stroke.
C. Experimental Results
Hip extension/adduction coupling was also observed during the ankle plantarflexion task for both individuals post-stroke. On both paretic extremities, maximum ankle plantarflexion torques were obtained as a spontaneous torque during hip extension, i.e., subjects were unable to volitionally generate the maximum ankle plantarflexion torque during this task, but could generate maximum plantarflexion as a secondary torque during hip extension.
Coupling patterns of C1 and C2 differed from those seen in the paretic extremity (Fig. 5) . C1 coupled extension with abduction and C2 coupled adduction/extension with dorsiflexion. For the ankle plantarflexion MVT task, C1, C2, and the nonparetic extremity of S2 coupled ankle plantarflexion with hip abduction, hip extension, and knee flexion.
For the submaximal protocol, results indicated extension/adduction coupling, proportional to the percentage of hip extension in both S1 and S2. For control individuals, C1 coupled hip extension with hip abduction at submaximal levels and C2 generated small coupling at other degrees of freedom during submaximal hip extension.
During the implementation of the dual-task protocol, C1 and C2 were able to generate the instructed hip abduction torque, with no influence of the percentage of hip extension generated. In contrast, S1 and S2 were unable combine the instructed torques (Fig. 6) . As the level of hip extension increased, spontaneous coupling with hip adduction occurred, decreasing the net hip abduction torque participants were able to generate. For levels of hip extension above 25%, the spontaneous coupling overrides the volitional hip abduction torque. Results demonstrate the ability of the MultiLEIT to measure lower extremity joint torques during single-or dual-task protocols at maximal or submaximal torque levels under well-controlled conditions.
1) Sensitivity Analysis on Experimental Data:
The sensitivity analysis on experimental data of the control subject's hip abduction MVT task, showed no effects on torque directionality. The measured MVT was 112.25 Nm. For an error in measurement of the hip abduction angle of , the hip abduction torque varied from 68 to 155 Nm, which corresponds to an error of of the calculated torque. The ankle torque varied from a real value of 24 Nm, corresponding to an error of . For C1, an error in measurement of the hip abduction angle of this magnitude does not affect the directionality of the hip torque, it only attenuates or inflates the torque magnitude. As mentioned previously for the joint torque mechanic leg validation, for smaller hip torques these changes in torque directionality are more likely to occur for 10 changes Fig. 7 . Sensitivity analysis on pilot experimental data. Points represent the calculated torques. Error bars show standard deviations from the calculated values. Jacobian matrices and corresponding joint torques were calculated for and for distances measured mm for , , . Errors in measurement of hip abduction or flexion angles induce errors in the calculated hip abduction/adduction torques or the calculated hip flexion/extension torques that could lead to a change of torque directionality if the torques generated are small. in joint angle (Fig. 7, A) . Realistically, an error in measurement of the hip abduction angle of 10 is unlikely if the measurements are performed carefully [42] . Anatomical landmarks to measure hip flexion/extension angles are easily identifiable. In order to minimize measurement error, both of the researchers performing the experiment will verify all measurements.
Finally, results also indicate that both the MultiLEIT and the tested lower extremity can be assumed to be in static equilibrium, since the small movements generated due to changes in muscle girth do not generate changes in joint angles greater than 5 , which account for errors in torque measurement of up to 12%.
V. DISCUSSION AND CONCLUSION
In this manuscript we introduce the MultiLEIT, an isometric device capable of quantifying lower extremity joint torque coupling patterns in all available degrees of freedom from hip to ankle during volitional generation of maximal and submaximal torques about a given joint. Information obtained from studies employing the MultiLEIT can help understand the neuromuscular strategies implemented at the lower extremity and how they can differ when the neural and/or the muscular component is affected due to pathology.
Validation of the MultiLEIT was performed using both known inputs to the system and experimental data. Results for the validation procedure with known inputs demonstrate the MultiLEIT's ability to accurately measure torques generated simultaneously at multiple joints using static Jacobian transformations from two 6DOF load cells to each joint. Sensitivity analysis on these data showed that large measurement errors of hip abduction and hip flexion angles can result in flipping of the direction of the calculated torques (for example, a positive flexion torque may be calculated when the actual input torque was a negative extension torque) particularly for torques of small magnitude. However, errors in joint angle measurement ( ) are highly unlikely given that the goniometric measurements are performed carefully by experienced experimenters [42] . Some of these issues could potentially be avoided if an ideal system was built with rigid materials and instrumented with sensors aligned with each joint's center of rotation and with the joint rotational axes to quantify the torques generated at each joint. In practice however, the inherent area of interface between the leg and the attachment, the rigidity of materials needed and the potential contact with bony prominences makes this ideal system impossible to build. The MultiLEIT system addresses this by including six degree of freedom sensors to quantify the reaction forces generated at the sensors during maximal and submaximal torque generation at each joint and allow measurement of individual joint torques in a highly coupled system. Motion analysis during the experiment was run on C1 to test sources of potential movement of the leg/MultiLEIT during the experiment. We quantified marker movement due to changes in muscle girth during maximum muscle contraction. Particularly, the patellar marker displacement was quantified to be less than 40 mm, which generated changes in joint angles of less than 5 for the hip and knee flexion angles. These values can be considered negligible and they do not affect the calculated joint torques. Therefore, the system can be assumed to be a static system for analysis purposes.
Experimental data was collected on individuals of different sizes (C1: 130 lb, 5 ft 6 in, C2: 145 lb, 5 ft 7 in and S1: 190 lb, 5 ft 1 in, S2: 185 lb, 5 ft 10 in) for both right and left lower extremities. The MultiLEIT was successfully adjusted to fit both individuals. The torques measured at each joint were in accordance to those reported in the literature and previous research [17] [18] [19] [20] , [37] . Results for C1 and C2 quantified joint torque coupling patterns consistent with the mechanical coupling of the lower extremity due to biarticular muscles [14] and learned motor behaviors [43] , [44] . Results obtained for S1 and S2 indicated the expression of joint torque coupling patterns identical to those described clinically in the extensor synergy [30] . These stereotypical coupling was observed for maximal and submaximal levels of hip extension and for maximal ankle plantarflexion.
Future research using the MultiLEIT will continue to quantify changes in joint torque coupling patterns in post-stroke individuals with different levels of impairment. We intend to quantify subject's ability to generate coupling patterns that are outside those observed in the clinic to determine whether all individuals post-stroke, with varying impairment levels are constrained to coupling patterns described in the extension synergy. Future work will also assess abnormal joint torque coupling in children with hemiplegic cerebral palsy, in order to assess the relationship between time of the lesion, abnormal joint torque coupling and distribution of weakness in the lower extremity. Information obtained from studies using the MultiLEIT can provide evidence on the specific joint-torque weakness and abnormal coupling patterns developed after changes in supraspinal drive or as strategies used to prevent joint pain or compensate for muscle weakness. This information can aid in the design of rehabilitation approaches to address the underlying mechanisms responsible for movement abnormalities, such as abnormal joint torque coupling that may occur in the lower extremity.
